Power quality analysis for renewable power generation in household by Shah, Syed K.
Master of Engineering (Honours) Thesis
Power Quality Analysis for Renewable
Power Generation in Household
School of Computing, Engineering and Mathematics
Syed Khawar Hussain Shah 17899534
Master of Engineering (Honours)
Supervisor Dr.Ali Hellany
Co-supervisor: A/ Professor Mahmood Nagrial
Dr. Jamal Rizk December 2018
Statement of Authentication
The work presented in this thesis is, to the best of my knowledge and belief, orig-
inal except as acknowledged in the text. I hereby declare that I have not submitted this
material,either in full or in part, for a degree at this or any other institution.
Signature
1
Abstract
Power quality is becoming essential part of Power Industry. The introduction of
smarter and more sensitive equipment at both grid and residential level has created per-
formance issues that need investigation. The cost of the power losses is rising due to
power quality problems. The other significant factor that is proving vital is the customer
dissatisfaction. The introduction of Renewable Energy (RE) into modern grids has also
created Power Quality (PQ) problems. A study is required to narrow down the factors that
can cause these PQ issues. The power companies are buying electricity back from the
consumer produced by these RE sources. The power produced by RE sources coming into
the electrical grid needs to be monitored. The research will focus on the factors that impact
PQ especially the Total Harmonic Distortion in a electrical grid powered by renewable
sources.
The factors impacting power quality will be studied in detail by using an simulation
approach aided by an experimental set up. The simulation approach will be used to test
the hypothesis that total harmonic distortion increases by changing the nature and size of
the load in the electrical system. The load type used for the research will be linear and
nonlinear loads. The simulation will use single and three phase electrical system. The
simulation results will be analysed and discussed. The experimental setup will be used to
verify the simulation result. The experiment will be conducted on different set of load to
observe the impact on the total harmonic distortion in particular. The experimental result
will be collected over period of time enabling the researcher to study in detail the impact of
2
3weather, temperature, and inclination of solar panels. These factors will impact the research
result. The collected data will be presented for discussion.
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APLCS Active Power Line Conditioners
APF Active Power Filter
ASD Adjustable Speed Drive
DFT Discrete Fourier Transform
EHV Extra High Voltage
EMF Electro Motive Force
EPQ Electrical Power Quality
ESPRIT Estimation of Signal Parameters via Rotation Invariance Techniques
ICT Information and Communication Technology
IEA International Energy Agency
IEC International Electrotechnical Commission
IEEE Institute of Electrical and Electronics Engineers
ILF Ideal Low-Pass Filter
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Chapter 2
Introduction
The introduction of renewable energy into the power generation system is gaining
momentum. There are three reasons for the increasing reliance on Renewable Energy
System (RES). The primary reason is the failure of conventional sources to meet the
increasing energy demands. Secondly, the environmental cost of conventional sources like
fossil fuel is increasing. The tertiary cause is that the fossil fuels are exhaustive, and there
is a need to supplement them by use of renewable sources. The reliability of the RES is
very important, and to increase the reliability battery banks are added to electrical grid. The
increasing initial cost, maintenance and chemical pollution caused by conventional sources
have forced designers to add RES with the grid. RES are free and found abundantly in
nature so there is a need to utilize them at the distribution level. The growing importance
of clean energy has motivated the researchers and engineers to integrate the RES into
the generations system. The RES makes it easier for the engineers to provide power to
consumers living in remote and hard to reach areas where grid connection is financially
and technically not feasible (Njoroge 2005).
The RES are increasing their share in the power industry. The increasing technological
advances have reduced the cost and increased the efficiency of the Renewable Energy
( RE) system. The PV systems can be stand alone, grid tied or residential units. The
16
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renewable source depends on many factors for example in the case of solar its irradiance,
temperature,and insulation. The windmills are also dependent on wind characteristics,
aerodynamics, and geographical location. These factors make the power produced by these
sources unpredictable. The unpredictability in power produces impacts the power quality
of the distributed power (Wiczynski 2008).
Power Quality (PQ) is becoming an essential part of Power Industry. The introduction
of smarter and more sensitive equipment at both grid and residential level has created
performance issues that need investigation. The cost of the power losses is rising due to
PQ problems and other vital factor being customer dissatisfaction. The introduction of RE
into modern grids has also caused PQ problems. A study is required to narrow down the
factors that can cause these PQ issues. The power companies are buying excessive power
produced by RE sources from the consumer connected to the power grid. The electrical
power produced by the RE sources coming into the grid needs to be monitored. A general
view of PQ issues is presented in the graph shown in figure 2.1
Sankaran (2001)
Figure 2.1: Power Quality Issues
• The invention of new microprocessor based equipment has made the electrical
equipment more sensitive to power quality variations.
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• The increased reliance on high-efficiency, adjustable motors and capacitors for power
factor correction to reduce losses is also causing harmonic problems.
• The awareness of electrical consumer is increasing about power quality issues. The
expectations of the consumer from the utility provider are also increasing.
• The integrated networks are also creating problems as more and more components
are connected to the same grid. The failure of one can cause serious damage to the
whole system.
The most common reason for this concern is the economic aspect. The increase in produc-
tivity for manufacturer means increases in their profitability. The future investment in the
substation is increasing thus resulting in more efficient and complex electrical equipment.
The equipment that is used to improve the productivity is the equipment that creates more
concerns about the power quality issues. The manufacturing industries are increasing their
reliance on automated machinery, and their dependency on quality of power is increasing
(Chattopadhyay et al. 2011).
• Deregulation of power industry has caused more problems as the cost of these
problems has changed, but the physical laws of power quality cannot be altered. The
distribution systems have been broken into small manageable units; the regulatory
authorities have to safeguard the power quality issues by introducing new laws.
• The distributed generation power system are becoming the major source of producing
and distributing electrical power. There are numerous power quality issues that needs
further investigation.
• The globalization of power industry has also impacted power quality as different re-
gions have different power issues. The regulators have to regulate different standards
for these regions.
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• IEEE and other regulatory authorities have come up with different standards, and
these standards need to be followed to increase the awareness about power quality.
The question that researchers are facing is what is power quality?. The term power quality
has a different definition depending on the frame of reference it is used. An engineer
will define Electrical Power Quality (EPQ) as “maintaining near sinusoidal waveform of
power distribution bus voltages and currents at rated magnitude and frequency”(Dugan
et al. 2012).
A utility may define power quality as a measure of the system reliability. The com-
mercial user may look at PQ as a measure that will enable the electrical equipment to
function properly. Power quality is a consumer-driven issue so according to a consumer
power quality is “Any problem manifested in voltage, current, or frequency deviations that
result in failure or mis-operation of customer equipment” (Nassereddine et al. 2012). A
simple definition could be that is the variation in frequency, voltage, and current. EPQ can
be impacted by many factors. The power engineers have formed different types of test to
research these factors efficiently. These new tests deal with various disturbances related to
PQ. The EPQ may be divided into following (Abdelaziz & El-Din 2001)
• Fundamental concepts
• Sources
• Effects
• Modelling and Analysis
• Instrumentation
• Solutions
Fundamental concepts deals with parameters and their degree in variations from standard
values.
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Source are the region, locations, events that can cause the unwanted variations in PQ
parameters.
Effects of PQ on consumers,system,utilities and manufacturers.
Modelling and Analysis attempts are taken to analyse data according to standards and
mostly based on mathematical models.
Instrumentation deal with the instruments for measuring EPQ.
Solutions The researchers and engineers provide solutions to the PQ issues. The chart
shows the result of a PQ survey conducted by Georgia Power Company in Georgia (USA).
The questioner was distributed among two groups. The groups included consumers and
utility companies. The results showed both groups blamed each other for the power
disturbances (Luo et al. 2008). The groups agreed that two-thirds of the PQ disturbances
are caused by natural and climatic changes. The results are shown in figure 2.2.
(a) Customer Perception (b) Utility Perception
Sankaran (2001)
Figure 2.2: Customer and Utility Perception about PQ Disturbances
In case of problem with electrical equipment the consumers are quick to blame the
utility companies. The utilities lack correct data from the users, as they have no scientific
method to collect this malfunction data. One common example is capacitor switching
that can occur at utility end and can cause transient over-voltage impacting manufacturing
machinery. Voltage sag is another example of electrical disturbance that can cause a
generator to trip in the electrical system. The utility will have no record of these incidents
as the utility cannot to monitor the situation at the consumer site (Ansari et al. 2012).
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The study will help designers and engineers to improve their system to mitigate PQ
disturbances, especially harmonics. The research will help future researchers to increase the
scope from a singular load to multiple loads with a different configuration(series or parallel)
. The research is aimed at looking at different causes of the introduction of harmonics in
the electrical grid powered by RE sources. An experimental setup and simulation will be
used to monitor these harmonics produced by a Photovoltaic (PV) source.
Chapter 3
Literature Review
3.1 Classification of Power System Disturbances
3.1.1 Interruption and Voltage Sags
Djokic (2005) defines voltage sags as variation in voltage value that restores itself after
a short interruption in time (Djokic et al. 2005). Arrillaga (2000) has also looked into some
of the standards that define the voltage sags and interruptions. These include changes in
voltage in any or all phase voltages it can also be defined as an electromagnetic disturbance
in the voltage or time. The definition of voltage sag is “it is a sudden or temporary decrease
in supply voltage, the decrease or reduction can range from 1% to 90% of the supplied
value, and sag magnitude is also described in the percentage drop of the actual supplied
voltage” (Arrillaga et al. 2000).
Djokic (2005) have also discussed the existing method for voltage reduction events
and approaches to classifying it. The first one looks at the definition and descriptions
of various sag types with reference to their general three-phases.The three-phase divides
voltage sag into sagged phases in the presence of asymmetries. The voltage sags have been
further classified as symmetrical and asymmetrical three-phase voltage sags. Symmetrical
sags are sags where the Root Mean Square ( RMS) voltage value is equal in magnitude to
22
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three simultaneously sagged phases, and asymmetrical sag is with at least one sagged RMS
phase voltage is different from the other two.
The new classification standards for voltage sags are introduced. They are based
on time duration with different magnitude and events. Djokic(2005) has summed up
the standards that are used for voltage reduction and have stressed the need for new
methods. The new methods should address the inadequacies in current standards, and also
recommended using “sag density tables” and “one-point sag representations”. The research
needs more investigation into classification and standards for sags and interruption (Djokic
et al. 2005).
Milanovic (2006) has looked at the financial aspects of the voltage sags and interrup-
tions. The equipment that uses a programmable logic controller (PLC), adjustable speed
drives (ASD), and personal computers (PCs) are more susceptible to voltage sag. These
voltage sags cause a momentary loss in voltage that can damage the expensive equipment
resulting in financial losses to the customer. The proposed method is used to calculate the
cost for customers. The new method enables engineers to prepare, plan, and design the
system so that it functions better. The method uses four factors to calculate the damages
cost These factors are
• The frequency of these sags happening at location
• Equipment used to avoid the sags and its cost
• The cost of downtime for customers
• Time it takes bring the equipment back in working conditions
The proposed model is called COC at point j supplying ny sectors
CoCJ = (ΣE jy)∗ (CJ(RJ)∗λ j) (3.1)
where:
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Co = Customer outage cost
C j = Customer load point J
λ = Faults
E jy = Annual energy by sector y
RJ = Hours
The proposed model calculates the financial aspects of the voltage sag and interruption
for an industrial user. Research can be improved by suggesting a method to look at the
financial losses suffered by a consumer at the household level (Milanovic´ & Gupta 2006).
Horak (2006) has looked at different measurement methods for sags and interruptions.
The research has used an example in the form of the Information Technology Industry
Council (ITIC) voltage curve shown in figure 3.1
Sankaran (2001)
Figure 3.1: ITIC Curve
The curve is missing scientific data, and the addition of the data related to voltage can
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improve the curve. The voltage sag and interruptions have impacted on the chip manufac-
turing industry financially. The semiconductor industry has developed its own standards
for power quality. There are other indices that are used for measurement of interruption
where the voltage loss is longer than 1-5 minutes. The sags are either caused by natural
disaster or by equipment failure. The relationships are used to look at the cost and other
factors (Horak 2006).
The interruption is another aspect we have to look at as it is defined where voltage
drops below .1Pu, and there are many causes for this phenomenon. These causes can be
equipment problems, control malfunction, problematic fuse and breaker opening. Some
of the standards recommended by International Electro-technical Commission (IEC) EN-
50160 are as follows :
• A short interruption is up to 3 min
• A long interruption is longer than 3 minute
• Institute of Electrical and Electronics Engineers ( IEEE) has defined some standards
for example IEEE-1250
• An instantaneous interruption is between 0.5 and 30 cycles
• A momentary interruption is between 30 cycles and 2s
• A temporary interruption is between 2s and 2 min
• A sustained interruption is longer than 2 min
The worst type of interruption is the one in which the voltage drops to zero, and the
system fails to recover from this interruption. The IEC and IEEE differ in the definition of
interruption. IEC believes the time duration should be more than three minutes whereas
IEEE states the duration should be more than two minutes. Pippola (2012) in his paper
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has talked about the impact of power interruption on electronics equipment. The analysis
of the test result shows some shortcomings. The results can be improved by using more
parameters which can help to preempt any problems (Pippola et al. 2012).
Wang (2017) has proposed a new method for investigation of voltage sag and voltage
interruption in power systems. The sinusoidal model is used to detect voltage sag and inter-
ruption. The sinusoidal model can be improved by introducing of fundamental frequency
with adaptive filter synchronization. The new proposed method is a filter bank method
based on the case studies. The drawback in the proposed method is in identifying the
event that can cause voltage sag. This drawback can be solved by the addition of adaptive
filtering. Adaptive filtering will create a more complex mechanism but it can be improved
by adding a of virtual recorder that can help in analysing of the events accurately. The
researchers have recommended following solutions for handling voltage sags (Wang et al.
2017).
• Power System Design improvements are recommended which can be tree trimming
and fault protection against natural lighting strikes.
• Equipment Design the equipment design should be improved to decrease recovery
time from voltage sags. The system should have added feature that can prevent sags
from happening by preempting these events.
• Power Conditioning Equipment This option involves addition of equipment at the
power equipment and power loads. The standards should be defined for power
condition requirements depending upon the types of voltage sags and duration of
interruptions (Dugan et al. 2012).
Quaia (2003) has discussed the methods employed for analytical sag prediction. The
available methods are discussed briefly and they include Mesh networks but they have
some limitations which can make them reliable for preliminary results only. The other
problem can be the collection of data points which makes simulating these problems very
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hard. The other method that can be used is to estimate voltage sags caused by threephase
faults on transmission network. The voltage sag is calculated without performing fault
simulations. The new proposed method is based on the creation of a matrix. The matrix
contains the fault calculation on each line in the form of a matrix and each entry in the
matrix presents the voltage drops sag at the node. The method was tested against IEEE
standards, and results were in the acceptable range. The proposed method has covered
three- phase symmetrical faults but lacks the ability to handle the unsymmetrical faults, and
to handle unsymmetrical faults researchers need to develop a more accurate method (Quaia
& Tosato 2003).
The introduction of heavier loads can introduce voltage sag in the electrical system
and decreases the ability to recover from the voltage sag. There are two main reasons for
voltage sags and one is an increase in the current and other is an increase in impedance.
The magnitude of the voltage sag is calculated by the impedance difference between the
faulted bus and the electrical load. The transformer winding plays an important role. There
are many reasons for voltage sag and it can be caused by a problem either at the consumer
end or at power provider end (Parle et al. 2001). The most common reason causing voltage
sag can be heavier loads, faulty wiring, poor power connections or any short circuit. At the
utility end the voltage sags can be caused by failures in the circuit or equipment not able to
cope with power issues. The costs related to the reduction of voltage sag depend on many
factors and the most important being in finding a reliable solution. Research has revealed
that the cost can be reduced by tackling the problem close to the source. There are many
methods that can be used to mitigate voltage sag. These include tap changing transformers,
saturable reactor regulator, phase controlled regulators, ferrorosonant transformer and
several others (Chen et al. 2011). Some of the recommendations to improve voltage sag are
• Increase the power rating of Power supply
• Reduction of load
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• Fix the problem by using alternative methods
• Make sure that trip setting are meeting the customer specifications
There are some measures which utilities can take to handle voltage sag and interrup-
tions. These measures include improvement in protection equipment, fault clearing time
and these extra measures will help in the prevention of faults. A Spanish utility carried out
a study between December 1999 and February 2002 on voltage sag and interruption in an
industrial area. The results showed that the furnaces, and other heavy electrical equipment
were impacted by voltage sags. The result was financial losses for the manufacturers. The
average house hold consumers were also impacted by voltage sags. There are a couple of
solutions for both the consumers and utility. The emphasis is on the fact that there is no
ideal solution for consumer and utilities as each solution is dependent on specific situations
(Quaia & Tosato 2003).
3.1.2 Transients
Transient play a role in power quality and its calculations. Transients are a very
high voltage or current disturbance or abnormality in the system and last between 50
nanoseconds and 50 milliseconds. Some abnormalities have been seen in frequencies with
values up to 5 Mhz. Sankaran (2005) defines transients as “A sub-cycle disturbance in
the AC waveform that is describable as a sharp discontinuity of the wave form”. The
definition of transient is made simple, and this definition applies to one cycle. This implies
that if a transient extends into the second cycle, it is classified as a new transient. It is
not considered as an extension of the previous transient. Transient can be confused with
other PQ terms like surges, spikes,bumps, and pulses Sankaran (2001). The impact of the
transient is more obvious in consumer electronics as compared to the utility provider. The
higher impact is felt because consumers are using more sensitive equipment. The reason
is the use of microelectronic equipment which is more sensitive to changes. The most
vulnerable equipment to transients is medical equipment as it more sophisticated when
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compared to industry equipment (Chicco et al. 2009). Transients are of many types and
they are caused by different reasons.
Bollen (2005) has looked at transients in more detail with improved definition and
classification. Transient analysis are used to explain transients. The transients are divided
into three classes in electrical power system
• Events where fundamental frequency is higher for longer periods of time ranging
from milli-seconds to hours
• Events where change in fundamental frequency is for a short time period, and these
are hard to detect faults as they are short in duration
• Short duration events where frequency magnitude does not offer important informa-
tion about the transient
Transients are classified based on wave form shapes as this is a driving factor for transients
(Bollen et al. 2005).
Impulsive Transients The basic definition of the impulsive transient is that it is a
sudden change in steady state current or voltage which is unidirectional in polarity (Bollen
et al. 2005). The impulsive transients can enter the electrical system travelling through
power lines. The amplitude of the frequencies in transients is very high amplitude, and
the transients are compensated by the addition of resistive measures. Transients can be
introduced in the system for many reason, and the most common reason that can cause
transients are lighting and electrical discharge.
Lightning can cause an increase in the current value. The value of current can rise
to several hundred of Amperes for a very short time interval and to mitigate these high
values of current grounding and bonding techniques are used. The change in voltage and
current value introduces oscillating frequency, and oscillating frequency amplitude can
cause damage to the equipment. The high value of current and voltage can seriously hinder
CHAPTER 3. LITERATURE REVIEW 30
the working of electrical equipment. The transients can damage the electrical power lines
gradually(Djamel & Abdallah 2013). Transients can be introduced by an electrostatic
discharge produced by the electrical equipment going through different changes. These
changes can spike either the voltage or current value resulting in damage to the equipment.
A typical example impulsive response of the system is shown in figure 3.2
Dugan et al. (2012)
Figure 3.2: Impulsive Transients
Oscillatory Transients The Oscillatory transients are similar to Impulsive transients
but differ in the sense that they are bidirectional in polarity thus making it hard to detect
them. The oscillatory transients can damage the sensitive electrical equipment. The other
important factor can be quick change in polarity of current and voltage (Chattopadhyay
et al. 2011). The spectral frequency is divided into three basic frequency groups
• Low Frequency Transient
• Medium Frequency Transient
• High Frequency Transient
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The change in current and voltage values can introduce changes in the amplitude of
oscillatory frequency. The change in frequency amplitude can cause damage to electrical
equipment. The low-frequency transient are in the range of 5 kHz, medium frequency
transient ranges 5-500 kHz, and high-frequency range from .5 5Mhz. The magnitude of
frequency plays an important role in designing of the damping equipment.
Transients can be caused by capacitor switching and failure of other equipment. The
increasing number of sensitive products increases the frequency of transients. The method
for measuring these transients is important (Gajanayake et al. 2009). The change in
frequency value relies on the change in value of the capacitor and short circuit inductance.
Low frequency oscillatory response is shown in figure 3.3
(Haste et al. 2014)
Figure 3.3: Low Frequency Oscillatory Transient
Multiple Transients
A set of standards should be implemented to protect the electrical equipment at the
utility and consumer ends. The implementation of these standards can result in smaller
financial losses for the stakeholders. The electrical equipment used in the industry should
adhere to electrical standards enabling the equipment to handle transients. If these standards
cannot be the maintained addition of surge protection devices can reduce the transients to
the manageable voltage level. IEC 60950-1 and IEC 60364 over voltages categories are
CHAPTER 3. LITERATURE REVIEW 32
shown in the Table 2.1 (Gies 2013).
Table 3.1: IEC 60950-1 and IEC 60364 over voltage categories
Ov Cate-
gory
Equipment and its Point of
Connection to the AC sup-
ply
Example of Equipment
IV Equipment connected to
where AC supply enters the
building
Electricity meters
III Equipment Integral Part of
Building wiring
Socket-Outlet, Fuse panels
II Pluggable or permanently con-
nected equipment that will be
supplied from the building
House hold appliances,
portable tools
I Equipment that will be con-
nected to a special AC mains
supply in which measures
have been taken to reduce tran-
sients
Information technology equip-
ment supplied via an external
filter or motor driven genera-
tor
Power Quality Disturbances and summed up the sources that can cause these distur-
bances . PQ can be measured by looking at three factors and these factors are
• Voltage
• Waveform
• Current
The transients impact on the electrical system externally or internally either by a change
in voltage or current value. The transients are calculated by using parameters such as
CHAPTER 3. LITERATURE REVIEW 33
amplitude of frequency and duration of transients. Transients in an electrical system
can cause voltage sagging, swelling, interruption, oscillations, and transient pulses. The
transients are caused by variation either in voltage or in current. There are different methods
for examining of transients in the electrical system (Gomez et al. 2002). These methods
include
• Neural Network classification
• Bayesian classification method
The following methods can be used to detect the transient power quality disturbance:
• Wavelet transforming detection method
• DP transforming detection method
The most important part of this process is defining the standards for measurement of
power quality transients. The areas which need further study are transient responses of the
electrical system. Monitoring standards should be improved to handle transients (Horak
2006).
Transients are an important factor in electrical power system and require more inves-
tigation into their different aspects, for example their causes, cost effective measures to
control them, more awareness about the financial losses , separate specification or stan-
dards for utility power providers and the end users. The monitoring equipment should be
modified so that we can obtain more accurate and scientific results from the source. The
monitoring system needs to be improved for accurate measurement of transients (Mandache
& Al-Haddad 2005) .
3.1.3 Harmonics
Harmonic distortions are caused when the input current is not proportional to input
voltage. If the voltage is changed to compensate for the input current its value of current
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will change and will produce a different waveform. If the frequency becomes equal to
sinusoidal waves as an integer multiple of the fundamental frequency, then its multiple
is called harmonic. The harmonic component is the sinusoidal component of a periodic
waveform that has a frequency magnitude equal to an integer multiple of frequency.
fh = f (h)∗ ( f undamental f requency) (3.2)
where:
fh = fundamental harmonic frequency
The question is: what are the impacts of the harmonics on PQ and how can it can
be rectified. Mandache (2005) discusses a new method for PQ assessment by looking at
different signals for different loads. There are many methods used for harmonic analysis.
The harmonic spectrum method is not viable enough to perform quality assessment. The
widely accepted method used is the Discrete Fourier Transform (DFT) method but it has
some limitations because it estimates the results but errors can appear in the results. These
errors can be caused by leakage phenomena known as signal discontinuities and aliasing
effects. The new proposed method is based on the use of Ideal Low-Pass Filters known as
(ILF). ILF is based on low frequency and this is making it easier to reconstruct a continuous
time signal. The sample rate is inflated by a factor of three to collect the data, and the
results show that it is a successful method. The method has some deficiencies that need
improvements before being implemented at a higher level. The approximation method
requires computational hardware, and it cannot be time dependent (Mandache & Al-Haddad
2005).
Dartawan (2013) has looked at harmonic distortion in the distribution system. DC
motors were used to conduct the research and test the proposed hypothesis. The hypoth-
esis is that rectification of electrical power produces harmonics in the AC power system.
When the harmonics enter the power system, they can cause problems for the system and
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consequently financial losses for the power user and equipment malfunction. The load
mix is changing, and different types of loads are producing harmonics in the electrical
system.Utility companies have to take steps to avoid the any electrical losses and there are
many methods to measure the harmonics (Dartawan et al. 2013). The two most recom-
mended methods are spectrum analyser and data analysis using computerized software. A
discrete technique is called the Discrete Fourier Transform (DFT) method. The formula is
shown below:
Fn =
1
N
N−1
∑
k=0
fke
− j2pikn
N (3.3)
where:
Fn = Fourier Coefficient
fk = Data point of the kth sample
N = Total Number of seconds per 60 Hz cycle
n = Harmonic index
k = Data point index
The common sources for production of harmonics in a an electrical power system
are transformer saturation, transformer inrush current, electrical furnaces, power supplies,
converters, and different type of inverters (Phipps et al. 1994).
The introduction of the power grid has also made us look at harmonics and its
parameters from a different perspective. Smart grids are a step up from the tradition
distribution system. The evolution has been shaped by the changing needs of modern
day distribution system. Current ICT technologies have already improved standards for
distribution systems. The introduction of new equipment in the electrical distribution system
can introduce inter-harmonics in the system. There is a need to monitor these changes by
using improved electrical monitoring system. The traditional power system is based on the
unidirectional system. Where power is distributed to the end user after going through many
steps with a change in voltage. The new method proposed for managing power quality is
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by monitoring of harmonics. The current methods used have some limitations for example
the high volume of data cannot be processed with these algorithms (HaoYang et al. 2012).
There are other algorithms that serve to improve the computational time with only
limited success. The cascaded filter method that can be used to look at harmonics uses the
following relationship
H(S) = K
ωrs
s2 + kωrs+ω2r
(3.4)
where:
H(S) = Transfer Function
K = Constant
ω = Speed
s = Phase Constant
As the system is using two integrators so the formula for second integrator is modified as
H(S) =
ωrs
s2 +ω2r
(3.5)
The third order integer is presented by
Y (n) = Y (n−1)+ Ts
12
(23u(n−1)−16u(n−2)+5u(n−3)) (3.6)
Y (n) = Transfer Function
u = Signal
Ts = Time Interval
Sout component and the relationship is
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|s|=
√
s2out+qs2out (3.7)
where:
sout = Phase component
qsout = Quadrature component
The final equation can be simplified in the following way:
Sinn(t) = S(t)−
n
∑
i
S∗i (t) (3.8)
where
Sinn(t) = Input signal of the estimator of the nth harmonic
Si(t) = Harmonic component of s(t)
These relationships are validated by using different methods. The new method reduces
the computational time to milliseconds, and the results are useful in improving the real-time
calculations for real-time power quality (Muzi & Barbati 2011).
The energy mix is changing as the introduction of PV and wind power have created
more problems regarding power quality.They are also known as RES which are associated
with unpredictability in current and voltage which makes it harder to analyse of power
quality. They can introduce more harmonics, voltage imbalances, and distortions. The RES
sources are new in the distribution system and they need new methods to measure them.
IEEE standards have identified saturation and load current Is and IL as the two types of
current that are normally equal but due to harmonic distortion they are not. The harmonic
disturbances can be measured by using machine learning techniques and storing the results
in a matrix.This method for improving power quality can help other researchers (Rodway
et al. 2013).
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Table 3.2: Limits on Total Demand Distortion from IEEE Standards 519-1992
Isc
IL Total Demand Distortion
<20 5.0
20<50 8.0
50<100 12.0
100<1000 15.0
>100 12.0
The type of load also plays an important role in harmonics. There are two types of loads
that exist in electrical system
• Linear Load
• Non-Linear Load
Linear Loads are the loads where the current and voltage values have a direct relationship
represented by the Ohms law
I(t) =
V (t)
R
(3.9)
where:
I(t) = Current
V (t) = Voltage
R = Resistance
This results in voltage and current having the same waveform in the electrical circuits
where the load is linear in nature. The power produced by resistive loads can also be
calculated as they are proportional to the square of the current. The voltage and current can
have different waveforms if inductors are used along with capacitors as the waves will be
out of phase. Non-Linear Loads are the loads where current and voltage do not indicate the
have different waveforms. They do not resemble each other and there can be many reasons
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for this, for example, electronic switches conducting current only during the fraction of
power frequency period. Ohms law does not hold to the non-linear loads as the frequency
waveform does not hold a direct relationship (Heine et al. 2004) Instantaneous power
is also impacted by harmonics as it is based on voltage and current. The mathematical
relationships for active, reactive and apparent power are as follows:
Active Power Every harmonic provides power but it is very small and it can be positive or
negative. The active power is also very small
P=
1
T
∫ T
0
p(t)dt =
∞
∑
h=1
VhIhcos(θh−δh) =
∞
∑
h=1
Ph (3.10)
P = Power
T = Time Measured
p(t) = Instantaneous Power
Vh = Harmonic Voltage
Ih = Harmonic Current
θh = Harmonic angle
δh = Harmonic phase angle difference
Reactive Power
Q=
1
T
∫ T
0
p(t)dt =
∞
∑
h=1
VhIhsin(θh−δh) =
∞
∑
h=1
Qh (3.11)
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Q = Reactive Power
T = Time Measured
p(t) = Instantaneous Power
Vh = Harmonic Voltage
Ih = Harmonic Current
θh = Harmonic angle
δh = Harmonic phase angle difference
Apparent Power
Scientists have long argued about how to define apparent power but a more accepted one
used by IEEE is:
S2 = P2 +
n
∑
i=1
V1I1sin(ϕ)+D2 (3.12)
where:
S = Apparent Power
P = Power
V1 = Voltage
I1 = Current
D = Power constant
sin(ϕ) = Phase Difference
There are constant improvements to these formulas and researchers are trying to arrive at a
more acceptable definition. There is much debate on the source of harmonics in the power
system. The introduction of switching devices to power system can produce harmonic
disturbances. It was widely believed that substation and customer transformers operating in
the saturation range could explain the leakage current (Lassila et al. 2005).
The major contributor to harmonics can be a transformer operating in high or low
range during the peak or low voltage state, and electrical furnaces can contribute to these
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problems. The source and magnitude of waveform distortion can range from less than 1
Kva to Mva. The harmonics can be of two types: either they are a fraction of harmonic
known as inter-harmonics or frequencies lower than the fundamental frequency known as
sub-harmonics (Ise et al. 2000). The other prominent sources for harmonics are
• Transformer
• Rotating Machine
• Power Converters
• Variable Frequency Drives
Electric Furnaces The melting furnaces can be a source of harmonic distortion as
they are non-linear in nature. They can cause a voltage and current difference that can
result in harmonic distortion. The voltage changes produce variable frequencies in the
system producing harmonics. These could be controlled by addition of electrical equipment.
The increasing mix of loads on distribution system has exposed the impact of harmonics
on all users including commercial, industrial and residential. The most common impact
can be seen on transformers as they experience heat dissipation due to the current and
voltage changes. These losses can reduce the useful life of equipment in service or in a grid
installation. The changes in their manufacturing and operating conditions might prolong
their shelf life, but more research is needed (Heine et al. 2004).
Capacitors are also tested by the harmonics as the face the stress caused by a change in
voltage. The change in voltage can cause damage to the capacitors hindering their working.
Harmonic filters should be designed to improve the working of the capacitor banks. The
resonant conditions also have to be looked at as they cause higher impedance and can
induce reactance in the distribution system. The resonance can be of two types, either
series or parallel. In series resonance resonant frequency can be reduced by adding resistive
circuit component whereas in the case of parallel resonance the resonant frequency can be
very high and can be reduced by adding parallel load. (De la Rosa 2006) .
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Fuses and electronic relays are also impacted by harmonics since high harmonics can
cause high current and voltage which damages the fuse. The damaged fuse can create a
further problem for the capacitor banks or other equipment that is protected by a fuse. The
relays can malfunction as the change in harmonics can cause higher harmonic current or
RMS voltage that their working conditions are effected (Sankaran 2017). In some lighting
devices inter-harmonics can cause flickering which curtails the life of the device. The
harmonics can also introduce equipment fatigue, problematic operations of mechanical
fuses,and increased vibrations resulting in bearing wear and tear (Madrigal & Acha 2001)
Harmonic Distortions IEEE Standards 519[1] defines harmonic distortion with re-
spect to fundamental frequency. There are two types of harmonic distortions and one is
Individual Harmonic Distortion (IHD) and other is Total Harmonic Distortion (THD). The
mathematical formula used to calculate these are:
IHD=
HarmonicFrequency
FundamentalFrequency
∗100 (3.13)
where:
IHD= Indviuall Harmonic Distortion
THD=
RMSSumo f allharmonics
FundamentalFrequency
∗100 (3.14)
where:
THD= Total Harmonic Distortion
The harmonic distortion will have different values for linear and nonlinear loads. The
harmonic distortion value is impacted by the fundamental frequency. The harmonic distor-
tion is a measure of distortion in the fundamental frequency and not of an equipment rating.
The distortion values will not change even if the supply line or transformer is changed
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(Kneschke 1999). The THD values are also affected by the distance from the source, and
the source type can introduce distortion in the electrical system. The unpredictable nature
of RE sources can produce distortion in the power system. The distortions can be reduced
by placing the RE sources closer to the transformers. The type of inverters can impact on
the power produced and the THD in the system. The addition of passive harmonic filters
and other types of filter can influence the THD (C¸elebi & C¸olak 2011). The THD of source
current is a measure of the effective value of harmonic distortion and can be calculated by
using the equation
THD=
√
i22 + i
2
3 + i
2
3 + i
2
4 + ....+ i
2
n
i1
(3.15)
THD=
√
∑∞n=2 i2n
i1
(3.16)
where:
THD = Total Harmonic Distortion
i2, i3, ...., in = Harmonic Current
i1 = Ist Harmonic Current
The methods of measuring harmonics measurement methods are not very precise and
lack sophistication. Harmonics should be measured at the consumer site as it will provide
valuable information to the utilities. They can provide better service to the consumer and
also improve their distribution system to suit the needs of the consumers. The energy mix
is changing new standards should be developed and implemented to improve the overall
power quality. The distribution system needs to catch up as they will be dealing with power
produced by wind, solar energy and bio-fuel (Music et al. 2012).
The challenge which we will face in future is pinpointing the sources of harmonics,
designing or improving the present systems, as the sources of harmonics will be more
diverse. The harmonics problem will escalate with the introduction of micro-controllers,
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personal computers, multimedia equipment, and digital communication equipment in the
electrical power system.
Mitigation of harmonics Passive filters are used to mitigate issues related to power
quality in general and specifically the harmonics. The passive filters have limitations
because of resonance and lack of dynamic compensation. Active filters were introduced to
reduce system harmonics. Current harmonics are considered to undergo severe problems.
The L-C filters are not an ideal solution as they can introduce tunning,resonance and
aging problems. The L-C filters are best suited for fixed harmonic compensation. The
harmonics can be compensated by addition of active power filters also called active power
line conditioners. The APF can handle a variety of PQ disturbances including voltage,
current, and reactive power compensation in electrical system. The THD of the source
current is a measure of the effective value of harmonic distortion and can be calculated by
using equation (Shah et al. 2016).
THD=
Sum
F
∗100 (3.17)
Where
SUM= RMS Sum of all harmonics
F= Fundamental Frequency
PQ problems can be mitigated by using two methods. The first method is load
conditioning which makes electrical equipment less venerable to power disturbances. This
enables the electrical equipment to operate under significant voltage distortions. The second
method is to add line conditioning system suppressing or counteracting the power system
disturbances. The power filters are used to counter harmonics disturbances (Jung et al.
2007). The types of filters used are:
• Passive Filter
• Active Filter
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• Hybrid Filter
Passive Filter Passive filters provide a low-impedance path to harmonic frequency and
bypass to ground to eliminate unwanted harmonic frequencies. The passive filters have
following advantages
• Passive filter reduce harmonics produced in the system
• Passive filters can filter unwanted harmonics
• Possible filters can compensate reactive power
Disadvantages include the following:
• Passive filters can cause resonance and line impedance occurs
• Passive filters can make calculation of tuning frequency tedious
• Passive filters cannot be used with randomly changing harmonics
• Passive filters are large and makes it harder to be added to electrical system
Active Filters Active filters inject harmonic into electrical power system to compensate
for the harmonics produced by the equipment that is part of the electrical system. The
advantage of using active filters are
• Active filters neutralize harmonics
• Active filters can stop resonance
• Active filters can manage reactive power
• Active filters small size makes them easier to use in the electrical system
• Active filter are easy to use and are more accurate
• Active filters can be used with randomly changing frequencies
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Disadvantages include the following
• Active filters are costly
• Active filters can develop inherent harmonics
Hybrid Filters Advantages include the following
• Hybrid filters can control voltage and current harmonics
• Hybrid filters can reduce resonance
• Hybrid filters can regulate reactive power
• Hybrid filters less inexpensive
The IEEE has specified the acceptable level of current harmonics. IEEE 519 specifies the
maximum amount of harmonic that a user can add into the power system (Mikkili & Panda
2015).
3.1.4 Long Duration Voltage Variations
A long interruption is the type of voltage drop in which the system cannot recover
from zero voltage without system reaction, either electrically or manually. The IEC has
classified long duration voltage drop as where “the duration of the voltage drop is more
than three minutes” whereas a short interruption is only for seconds. We have to understand
the difference between failure, outage, and interruption. Failure is when a device is not
working properly, outage is when the primary component is not working properly, and
interruption is the lack of power from maximum to zero (Keyhani 2011). There can be
many causes for voltage interruption and they have been classified as three major types
• Short circuit faults can cause voltage interruption
• Fault at protection relays can cause voltage interruption
• Operator actions while performing maintenance or changes
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These problems can be rectified by taking some measures on the load lines, distribution
system, and consumer sites for example better protection against system outages, weather
conditions and other causes of voltage interruptions. There are models that ascertain the
reliability of the system and power distribution systems. The aging of equipment can be
an important factor older equipment is prone to more voltage interruptions (Bollen et al.
2005).
The main reason for voltage drop according to Dungan (2012) is the over and under
voltage. When the voltage passes a certain level the system tries to compensate for that
change as the change in impedance is causing this interruption. This issue can be rectified by
adding voltage regulators, shunt capacitors, and by adding different devices to compensate
for voltage drops that can include
• Tap-Changing Transformers
• Separate voltage regulators
• Impedance compensation devices
The other methods for regulating voltage in the system can be capacitors, voltage
regulators, and dispersed sources. The different sources can be used along with their
parameters. The parameters should make sure that the voltage is regulated and the output is
steady and controlled (Dugan et al. 2012).
The modern day grid is dealing with alternative energy sources such as PV and wind
generation sources. Stuchly (2013) has discussed this phenomenon regarding PV on power
grids in terms of voltage variations. The results indicate the unstable nature of the RES.
The ensuing instability gives rise to voltage variations, and the distribution system needs
to cope with them. The compensator are used in the distribution system to control these
variations. These variations in voltage can be of two types one when the PV is producing
the maximum voltage which is weather dependent, and second which produces energy at
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the minimum level. The distribution system should be able to handle both situations and
they can be managed more efficiently in a smart grid (Stuchly et al. 2013).
The power industry has to balance the research and innovations that can reduce this
problem in voltage variation. A system which can predict and monitor interruption and
voltage changes needs to be developed. The standards need improvements to meet the
challenges of modern technological advances and how voltage sags can be overcome.
Power quality needs more investigation as there are many factors that can impact on it.
Engineers also have to devise a plan where a very reliable monitoring system can reduce
the costs of future losses.
3.1.5 Flicker
Flicker is a voltage phenomenon where voltage changes in the system are due to the
addition of equipment to the load or voltage fluctuations. These changes can be observed at
the customer site and utilities but the can be resolved quickly. The flicker concept is not
a new one as it was known since the early 1900s. It was thought the frequency change
in the system is causing flickers and to mitigate flicker frequency meant changing from
50hz to 60hz. The power sources have changed over time in that we have moved from
engines to turbines which reduced voltage interferences at the production level (Laskar
et al. 2012). The new methods have been introduced and has given rise to other problems
caused by the use of more sensitive equipment at the user level. Researchers have failed to
identify a general tolerance for different equipment and the need to devise a different set
of values for different types of equipment depending on their operational conditions. The
collected data is not up to the mark to make a complete judgment (Carreiro et al. 2011).
IEEE defines flicker as an “impression of fluctuating brightness or colour. The frequency
observed variation lies between a few hertz and the fusion frequency of image”. Flicker can
be of two types: the first one is cyclic, and other is non-cyclic. Researchers have defined
cyclic as repetitive flicker caused by a continuous change in voltage, while a non-cyclic
is caused by an occasional change in voltage. Previous methods that are used to measure
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flicker are also discussed. Alkandari (2009) has suggested a two- step method for looking
at the flicker and the parameters associated with it. In step one the signal is shifted and
in step two the collected data is compared with the original signal (Alkandari & Soliman
2009).
Gutierez (2014) has described the methods analysing flicker measurement and espe-
cially calculation of severity of flicker. These methods are mainly using flicker meters
but they do have some deficiencies. When detecting and measuring flicker values. The
method is based on three frequency blocks depending on the RMS voltage. The addition
of parameters can make the method generate more accurate results. The new method
provides greater flexibility in selecting integration intervals different from current standards
(Gutierrez et al. 2014).
Mastromauro (2009) has looked at the electrical disturbance which can be observed
at the customer level and grid level. The tolerance level of different equipment plays an
important role in the production of electrical disturbances. This equipment is used either by
the power provider or consumers (Mastromauro et al. 2009). System operators set up the
referential points for the distributed system. The distributed generation system is divided
into three levels-: level one for main installations design; level two is an evaluation of
particular disturbances; and level three is a collection of all the disturbances occurring
in the system. The implementation of the three- stage flicker method can improve the
electrical system. The collected simulation results show that the three- stage method is better
equipped to handle flicker. Flicker meters are used to show acceptable flicker assessment
of any fluctuating installations that are connected to power grid (Yang & Gauthier 2009).
The voltage fluctuation is caused by inter-harmonics and it is related to RMS voltage
when comparing single and double harmonics. The comparison revealed no difference
between the two sets of harmonics and this made calculating the flicker easier (Yong et al.
2008).
The topic of voltage flicker is vast one. It was mentioned earlier and the fluctuation in
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the power networks also needs to be monitored. The other factors that can cause voltage
flicker should be investigated in detail to reduce its occurrence. The fluctuation can be
caused by a change in voltage, electrical power, and an older distribution system can
introduce voltage fluctuations in the system (Luo et al. 2008).
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4.2 Introduction
Power quality (PQ) research has been undertaken for some time now and it has proven
to be a vast field of endeavor. Researchers have looked at various PQ disturbances. These
disturbances have existed in all three voltage systems (high, medium, low) and research
methods have evolved leading to changes in the classification of power generation methods.
Furthermore researchers have classified power generation methods into two groups and this
has depended on how electrical power is produced. The electrical power is produced by
two main sources with one using Renewable Energy Sources (RES) and other employing
traditional power generation sources. These power generation systems encounter different
set of problems. Researchers have looked at high and medium voltage systems in greater
detail and interest is growing in renewable generation systems. The research area that
needs our attention is the transfer of power from the consumer to the utility in a low voltage
system. These types of low voltage system are becoming more important.
The electrical power utilities and consumers are becoming more concerned with PQ
disturbances at the low voltage level. Furthermore consumers are supplementing the power
provided by the utilities by adding renewable sources. The research on this type of transfer
of power is limited as this concept needs further exploration. This study will be important
for the future as more and more utilities consider power transfer from consumers and
vice versa. The phenomenon needs more attention because a monitoring system must
be developed for examining this aspect of transferred power. The generated power is
going through changes that lead to rising costs but with power utilities demonstrating less
efficiency. If we look at recent work on how to reduce the Total Harmonic Distortion (THD)
in the system the reliance is on utilities to take actions to mitigate these changes.
The research needs to be more focused on how the type and size of load can affect the
THD and other PQ disturbances. It should also study the impact of the different types of
consumer load on producing PQ disturbances and how these disturbance are propagated
into the electrical system. The PQ disturbances can impact on both high voltage and lower
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voltage systems in different ways. At higher voltage the more of users are affected but at
lower voltage, PQ disturbances this can impact on fewer users. Nonetheless contractual
and financial penalties can be the outcome.
4.3 Knowledge Gap
The harmonics and interruption need more investigation as the costs borne by all the
stakeholders are increasing, and new equipment standards are required that should reduce
THD. The most important factor that needs to be looked into more detail is the monitoring
system at the micro level since there is little data available to explore the effect of PQ
disturbances on the end user. The consumer is unaware of the actual reasons for these issues
while collected data should be used to identify equipment that can be more vulnerable to
voltage sags. The collected data can help designers to take appropriate measures to tackle
these issues. The pollution caused by the electrical power system is higher at distribution
level, and a study should be carried out at consumer level to understand these issues (Shah
et al. 2014).
The power sources are changing and causing problems in the distribution system for
utility and the end user. The introduction of smart grids has also given rise to some power
quality disturbances. These disturbances are also greatly influenced by the introduction
of renewable energy sources, and the major drawback of RE generation is variation in the
power produced. The power systems stability depends on the balance between the active
power produced and active power consumed by the user. These fluctuations need to be
kept within a certain range according to the IEEE standards. These changes need to be
monitored to improve the distribution system (Ciucur 2014).
Hybrid power generation systems are increasing their contribution to the energy
mix, and the modern power industry is buying surplus power back from the consumer
which can contribute to the PQ disturbances. There are many PQ disturbances which
require investigation but the two important factors are the issues of harmonics and voltage
variations. These disturbances have to be monitored at the consumer level. Whenever there
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is a penetration of renewable power into the low voltage system, this causes a mismatch
in voltage and frequency in the network. The mismatch in frequency can be caused by
non-linear loads and the change in frequency can cause harmonic and voltage changes
(Suzuki et al. 2016).
Power quality in the system needs to be monitored, and problem to identified. This
problem can be small but still requires a quick resolution. Researchers have used many
methods to monitor these changes, and they can range from a simple site survey to more
complicated and expensive strategies. The need for PQ monitoring has highlighted the
desire for improvements in standards. The introduction of intelligent electronic devices
(IED) has made it possible to detect system problems and monitor the distribution generation
systems. The power providers also have to look at the PQ monitoring system to avoid
customer complaints and losses to electrical equipment. A good monitoring system should
have the capability to collect and analyse data at the utility and consumer levels as some of
the problems can be customer-specific. The reporting system should be simple and easy to
understand so that it can be used for universal information sharing (Foiadelli et al. 2011a)
It is very difficult to monitor and measure all PQ factors and disturbances simultane-
ously. The introduction of embedded systems has enabled researchers to control more than
one device. The PQ meter and a particular type of software are applied for the analysis of
gathered data. The system is based on the simple fact that it transfers the waveform from
the problematic area to a data center. The benefit of this system is that it reduces costs and
can provide concrete information on the problems encountered. The problem with this
approach is how to store data as it can increase the costs of the system and delay the data
gathering and analysis processes (Yingkayun & Premrudeepreechacharn 2008).
The PQ monitoring should be used to diagnose incompatibilities between the utility
and the user. PQ monitoring can help to evaluate the design of a power system for a specific
location. The PQ monitoring system can also help to improve the performance of machinery
or equipment that would be used at that location. The PQ monitoring system can also look
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into performance issues of the load equipment. PQ monitoring system should use the right
choice of monitoring equipment, to collect the data, and to analyse the collected data. The
PQ monitoring tools should be used to improve the supply of electrical power to power
user (Mikkili & Panda 2015).
PQ monitoring system cannot store a lot of data and the need for storage of collected
data becomes paramount. As huge amount of data is analysed, there is a need to develop
some kind of algorithm to look at different factors and should be able to inform the
user of the results of enquiries. The future web-based PQ monitoring system should
be based on important factors such as time to recover from a disturbance and types of
disturbances. Electrical distribution systems need to be investigated thoroughly including
the measurements of harmonic in the system. The harmonic current problem should be
analysed properly along with different factors that can impact on the harmonics. The
method uses a combination of hardware and software. The hardware is used to collect the
data and software to analyse the data. The drawback of the system is the high data volume
and extra equipment required to analyse data (Kushare et al. 2007).
Laskar (2012) has devised a method for looking at the PQ monitoring method used
for a green energy system. The improved system is based on the use of transducers for
monitoring power quality. When an RE source is connected to a power grid passing through
transducers, these transducers collect the data and store it on a server. The stored data will
be investigated for PQ disturbances. The system cannot handle multiple PQ disturbances.
The PQ monitoring system should be a robust one that can manage different disturbances
and analyse them efficiently (Laskar et al. 2012).
The current distribution system has some devices that can cause PQ problems. The
smart monitoring system should be able to recognize these devices and can inform the
distribution system. The monitoring system should also look at the integration of the PV
system in smart grids and other non-linear equipment in the grid. Research should focus on
the contribution of the non-linear equipment on THD in a low voltage system (Ceaki et al.
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2017). PV power is dependent on intensity and irradiance of the sun. These changes should
be monitored accurately. The system lacks the ability to monitor the THD produced in the
system due to these changes. The system should monitor these changes and also the impact
of the type and size of the load on the power system. These disturbances if not monitored
properly can enter the system and cause major problems to the grid (Kumar et al. 2014).
The role of electrical equipment that is used to convert DC to AC in a PV based system
needs monitoring. The additional equipment in the electrical system can impact on the
THD value and can introduce voltage imbalance in the electrical system. The other factor
that can contribute to change in the THD value is the material used to manufacture these
inverters or converters. The material used can increase the internal resistance or capacitance
of these converters or inverters. The filters can be used to smooth the electrical signal
but their impact on PQ disturbances must be monitored. The addition of the inverters,
converters and filters can cause more PQ disturbances at grid level as there will be multiple
nodes containing the extra equipment (Cao et al. 2012).
The distance of PV source from the grid station is also an important factor. Research
needs to focus on how the distance will impact on the THD entering the system. What kind
of distortions will be produced in the system and how can these distortions be monitored?
The grounding system needs to be examined as it will play an important role in the pro-
duction of disturbances. The monitoring system should be able to handle climatic changes
for example how lightning strikes will impact the grounding devices. The measurement
of THD has to be classified according to some acceptable standards. The monitoring
equipment should be able to differentiate between THD and Total Demand Distortion
(TDD). The detection of noise in the system is of paramount importance (Foiadelli et al.
2011b).
The current monitoring system lacks the ability to collect and analyse data accurately.
The researchers have looked at the modular approach, but this particular approach cannot
be implemented on a large scale. The other disadvantage of the modular approach is the
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system’s cost. The PQ monitoring system should be able to diagnose the problem and
provide a workable solution to eradicate the problem completely.
The monitoring system needs to not only look at the standards but also at the dis-
turbances that exist in the electrical system. The monitoring system should also monitor
changes at substation level as most of the disturbances can occur at the point of common
coupling between the PV substation and the consumer. These disturbances will be propa-
gated to the rest of the consumers who are connected to the substation. These disturbances
propagating in the system need to be investigated in detail as they can cause losses to the
utility and consumers. There are many solutions to monitor PQ of sensitive equipment.
These solutions can be load conditioning or line conditioning system. However, the main
issue is to standardize the terminal voltage and lower the harmonic distortion in the electri-
cal system. The synchronization of different electrical equipment in the grid can also cause
THD in the circuit. The disturbances can travel into the electrical system (Gupta 2016).
The prediction method has been employed to predict PQ disturbances that can occur
in an electrical system. The method lacks the ability to handle certain disturbances caused
by RE sources. The prediction method fails to capture the unpredictive nature of the RE
sources. Another issue is the collection of data is very difficult as the prediction method is
based on a complex algorithm. The query system to retrieve data regarding a special type
of disturbance is cumbersome (Arkadiy 2015)
Haste (2014) has proposed an inverter system that can be implemented on the distri-
bution side. The inverter system can convert DC to AC and the setup reduces the THD
on the generation side (Haste et al. 2014). A power electronic system was proposed for
a wind and PV hybrid generation system. The system was used on the generation side
with a battery backup system. PQ in a smart grid can be achieved by using intelligent
PQ equipment. The intelligent electrical equipment is mainly recommended for smart
electrical networks because it can control the voltage harmonics and flicker in the system.
Industrial applications are utilizing active filter methods to look at the issue of power quality
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(Al-Haddad 2010). The prediction method is also utilized at the power production source
and implemented by using smart appliances. Additionally, smart devices are used on the
power generation side (Rodway et al. 2014).
4.3.1 Research Question
Conventional power generation methods produce power with a stable source like fossil
fuel and hydro sources. The introduction of RE sources in both conventional and smart
grids has introduced fluctuations due to the fact that the power produced by renewable
sources, namely solar and wind, is not stable when compared to conventional sources. The
solar power is unpredictable because it depends on irradiance and temperature. These
fluctuations cause PQ disturbances in the system.
The power produced by a windmill is also unpredictable as it relies on wind speed,
altitude, and temperature. The extra conversion stage can introduce more disturbances to
the power system. These fluctuations produced can be observed in all three types of voltage
systems namely high, medium and low. Much analysis has concentrated on examining high
and medium voltage systems, so this research will focus on the low voltage system, and
THD produced in the system by the introduction of different types and sizes of the load.
The THD will be monitored after DC is converted to AC. The research will look at the
current and voltage distortions by employing simulation and experimental setup and their
impact on other equipment installed in the system. A typical electrical distribution system
is shown in figure 4.1
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Sankaran (2001)
Figure 4.1: Power-Distribution-System
4.4 Summary
Researchers need to take a holistic view of the PQ monitoring system , and the actual
equipment should be updated with new ideas being introduced to improve our knowledge
of the quality of findings. Research should furthermore be focused to removing these
deficiencies that are evident in previous studies by looking into these areas in more detail
and suggesting solutions.
Chapter 5
Simulation and Experiment
5.1 Simulation Tools
MATLAB and Simulink are the software tools used and the specific version of software
is MATLAB R2016b. The reason Matlab was preferred as compared with other softwares,
due to its ability to perform FFT analysis. The Matlab also gives additional functionality
for creation of solar panels, and different types of circuit. Matlab has also a very extensive
library of elements that could be used to enhance the circuit. Simulink is the software used
to run the circuit created in Matlab. The software has very helpful tools to analyse the data
produced.
5.2 Simulation Circuit
Two circuits are created to carry out the simulation. The circuit had to be changed to
obtain the accurate values derived from the simulation. The improvements in the circuit
design is a continuous process and resulted in final two circuits. The other parameters
are set accordingly to get the simulation results. The load used is of two types series and
parallel. The first circuit is a single phase circuit with a series load and a parallel load as
shown in figure 5.1 and figure 5.2 . The circuits consist of a PV array connected to a buck
boost converter to improve the power produced. The circuit contains a Maximum power
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point tracking (MPPT) controller to optimize the PV power and the load. The PV array has
two inputs irradiance and temperature values. The circuit also contains a universal bridge
that is connected to a pulse width modulation ( PWM) generator and different types of
load. The voltage and current output is monitored by using a scope. The circuit also had a
power graphical user nterface (GUI) to run the circuit properly. The single phase circuit
with parallel load is shown in the figure 5.1
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Figure 5.1: Simulation Circuit with RL Load Configuration
Where as three phase circuit contains a three phase bridge and a transformer to increase
the efficiency of the circuit. The circuit has a series and parallel RLC load to complete the
simulation as shown in figure 5.2
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Figure 5.2: Matlab circuit for simulation of single phase with parallel load configuration
The circuit is modified to improve the circuit performance. The universal bridge is
connected to two three phase RLC loads. The load is connected to transformer and the
output is observed on the scope. The circuit has power GUI to facilitate the analysis of the
circuit as shown in figure 5.3
Figure 5.3: Matlab Circuit for simulation of three phase
The PV module is built using eight solar cells as shown in figure 5.4
CHAPTER 5. SIMULATION AND EXPERIMENT 63
I r +
- -
+I r
Solar Cell
1
Ir 2 +
3 -
I r +
- -
+I r
Solar Cell1
I r +
- -
+I r
Solar Cell2
I r +
- -
+I r
Solar Cell3
I r +
- -
+I r
Solar Cell4
I r +
- -
+I r
Solar Cell5
I r +
- -
+I r
Solar Cell6
I r +
- -
+I r
Solar Cell7
Figure 5.4: Solar Cells
The solar cell are connected in a module and the module is connected to get the
required power for the simulation circuit shown in figure 5.5
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Figure 5.5: Photo Voltic Module used to produce the required voltage
The software Simulink has been installed on the laptop and a printer will be needed to
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print the results of the simulation. The simulation data will be stored in an external hard
drive.
5.3 Experimental Setup
The experimental setup is used to verify the simulation results. The experimental
setup have solar panels connected with the power conditioner and an inverter. The circuit is
protected by using isolators, and fuses. The batteries are also added to provide backup for
the system. The inverter is connected to power outlet. The load is connected to the power
outlet. The monitoring of PQ disturbances is done using HIOKI HK3197, connected to the
grid enabling it to monitor PQ disturbances.
The experimental set up consists of the following equipment
• Solar Panel / Wires
• Power Conditioner
• Charge Controller
• Isolator
• Protective Fuses
• Batteries
• Portable Power Quality Monitor Model HK3197
• Lamp, Computer, Microwave, Air Conditioner (AC used as Load)
The panels are mounted on eight frames, with two solar panels per frame. The frames
are fixed with the required inclination to obtain the maximum utilization of sunlight. The
solar panels are arranged in two strings connected in parallel and the panels in each string
are connected in series. The power produced is used to run the load inside the shed. The
monitoring equipment (HK3197) is used to observe the power produced by the PV and
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impact of different loads on PQ. The sample data graphs are also added to share the results.
The detailed data is provided in the Appendix as the data collected is in weekly increments.
The solar panel is shown in figure 5.6
Figure 5.6: Solar Panel
The electrical equipment including inverter, charge controller, and batteries are placed
in the trailer. The trailer gave us the ability to move the trailer from different locations. The
experimental setup is shown in figure 5.7
Figure 5.7: Trailer with Solar Panels
CHAPTER 5. SIMULATION AND EXPERIMENT 66
The data is based on dc voltage produced by the solar panels. This data is collected in
power quality monitor (HK3197). The current is changed from DC current to AC through
the inverter. The change in the signal is captured by the power quality monitor. The power
quality monitor can also capture different signal waveforms with different characteristics.
It can also take separate readings for disturbances such as harmonics, voltage sag and noise
etc. The power quality monitor can also save data from different loads and the impact on
the output of the system. The data is collected in Microsoft Excel, and to create graphs to
elaborate the collected data. The data produced is stored in HK3197. The HK3197 has
the extra capability of analysing the data. The simulation data is analysed by using FFT
window.
Chapter 6
Results And Discussion
6.1 Simulation Results
The data produced consists of different waveforms, which represent the different
signals produced by different loads in the simulation system. The signals are further split
into two windows with one showing the signal shape, and the other the harmonic distortions.
These signal windows consist of many factors such as frequency, number of cycles, and
fundamental frequency variations.This flexibility in variables help to obtain the results
under different conditions. The data window also catches the variations produced by the
inverter in the form of a waveform. The figure 6.1 shows the load, inverter signal and
change in Total Harmonic Distortion ( THD ) value
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Figure 6.1: FFT Analysis window showing change in THD value with change in Load
The FFT window will show changes in the output with the change in size and type of
load. The inverter and load signal will change with change in load. The signal becomes
more smoother with increase in load. Some of the signal output are shared to illustrate the
point. These changes were caused by change in resistive load. The resistive values ranged
from 10-1.5 Ohm load as shown in figure 6.2.
Figure 6.2: FFT Analysis window of Matlab Simulation circuit with 10 Ohm load showing distorted
signal
The FFT analysis window is used to look at the THD distortion value
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Figure 6.3: FFT Analysis window of Matlab Simulation circuit with 100 Ohm load showing distorted
signal
Figure 6.4: FFT Analysis window for 1500 ohm load showing distorted signal
Figure 6.5: FFT Analysis of 1500 load
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The simulations are run by using linear and nonlinear loads. The linear load consists of a
resistive and inductive component (R-L). The linear-load consists of resistive, inductive,
and capacitive components (R-L-C). Table 2.3 summarizes the values for the resistor,
inductance and corresponding THD value. The circuit is simulated for nonlinear loads by
using different values of the three components. Table 2.4 shows the THD values along with
the component values. The load is connected in parallel to grid and the results are observed
by using FFT window. The FFT window shows the THD in the load and inverter. Fast
Fourier Transform (FFT) is used to analyse the data produced after the simulation. The
collected data serves to examine the signal magnitude and PQ disturbances. The output
signal magnitude and other properties are analysed. The signals produced by different types
of loads and inverters are also analysed using the same tool. Consequently, the results can
be plotted by using different graphic tools for further analysis. The results of simulation
with different loads are shown in the Tables 6.1 and 6.2 shows result for system with 220
volts. The Table 6.3 and6.4 shows result for system with 440 volts.
Table 6.1: Total Harmonic Distortion Linear Load 220 Volt
Type of load Resistance Ω Inductance (mh) THD%
Resistive 10000 5 2.34
Resistive 10 5 2.66
Resistive 100 5 3.10
Resistive 1000 5 2.72
Inductive 10 10 2.48
Inductive 10 50 3.12
Inductive 10 100 2.59
Inductive 10 500 2.84
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Table 6.2: Total Harmonic Distortion for Simulated Load 220 Volt
Type of
load
Active Power
(Watt)
Inductive Reactive
Power (Var)
Capacitive Reac-
tive Power (Var)
THD%
RLC 10 150 180 1.54
RLC 200 400 800 1.45
RLC 250 450 850 1.03
RLC 300 500 900 1.60
RLC 350 550 950 1.17
RLC 400 600 1k 1.74
RLC 450 650 1.5k 2.30
RLC 500 700 2.0k 2.77
Table 6.3: Total Harmonic Distortion Linear Load 440 Volt
Type of load Resistance Ω Inductance (mh) THD%
Resistive 100000 5mH 2.55
Resistive 10 5mH 2.76
Resistive 100 5mH 3.40
Resistive 1000 5mH 2.98
Inductive 10 10mH 2.94
Inductive 10 50mH 3.62
Inductive 10 100mH 2.79
Inductive 10 500mH 2.91
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Table 6.4: Total Harmonic Distortion for Simulated Load 440 Volt
Type
of load
Active Power
(Watt)
Inductive Reactive
Power (Var)
Capacitive Reac-
tive Power (Var)
THD%
RLC 10 150 180 1.94
RLC 200 400 800 1.95
RLC 250 450 850 1.73
RLC 300 500 900 1.90
RLC 350 550 950 1.87
RLC 400 600 1k 1.74
RLC 450 650 1.5k 2.90
RLC 500 700 2.0k 3.07
6.2 Experimental Results
The experimental data is collected on weekly bases and data is stored in excel file.
The Table 6.5 are followed by graphical representation Figures 5.5-5.24 of the excel files.
The data shown is only for one week, while the data was collected for one month.
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Table 6.5: Twenty Four Hour Sample Data With Air-Conditioner Load for 27/11/2016
Times Stamp Time Power (kWh) AC
consumption
Power (kW) AC THD
27/11/2016 0:00 0.28 0.11 1.70
27/11/2016 2:00 0.22 0.11 1.60
27/11/2016 4:00 0.24 0.11 1.50
27/11/2016 6:00 0.22 0.11 1.60
27/11/2016 8:00 0.25 0.11 1.60
27/11/2016 10:00 0.35 0.11 1.80
27/11/2016 11:00 0.29 0.11 2.90
27/11/2016 12:00 1.39 0.39 1.60
27/11/2016 13:00 1.57 0.11 1.60
27/11/2016 14:00 0.25 0.11 2.20
27/11/2016 15:00 1.2 0.87 1.70
27/11/2016 16:00 0.27 0.11 1.60
27/11/2016 17:00 0.35 0.11 1.50
27/11/2016 18:00 0.36 0.11 1.50
27/11/2016 19:00 0.34 0.11 1.70
27/11/2016 20:00 0.35 0.11 1.80
27/11/2016 21:00 0.32 0.11 2.00
27/11/2016 22:00 0.27 0.11 1.60
27/11/2016 23:00 0.21 0.11 1.60
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Figure 6.6: One day Graph Value for experimental setup with Current & THD for 271116
Figure 6.7: One day Graph Value for experimental setup with Current & THD for 281116
Figure 6.8: One day Graph Value for experimental setup with Current & THD for 011216
Figure 6.9: One day Graph Value for experimental setup with Current & THD for 21216
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Figure 6.10: One day Graph Value for experimental setup with Current & THD for 31216
Figure 6.11: One day Graph Value for experimental setup with Current & THD for 41216
Figure 6.12: One day Graph Value for experimental setup with Current & THD for 061216
Figure 6.13: One day Graph Value for experimental setup with Current & THD for 071216
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Figure 6.14: One day Graph Value for experimental setup with Current & THD for 81216
Figure 6.15: One day Graph Value for experimental setup with Current & THD for 91216
Figure 6.16: One day Graph Value for experimental setup with Current & THD for 101216
Figure 6.17: One day Graph Value for experimental setup with Current & THD for 111216
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Figure 6.18: One day Graph Value for experimental setup with Current & THD for 121216
Figure 6.19: One day Graph Value for experimental setup with Current & THD for 131216
Figure 6.20: One day Graph Value for experimental setup with Current & THD for 141216
Figure 6.21: One day Graph Value for experimental setup with Current & THD for 151216
Figure 6.22: One day Graph Value for experimental setup with Current & THD for 161216
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Figure 6.23: One day Graph Value for experimental setup with Current & THD for 171216
Figure 6.24: One day Graph Value for experimental setup with Current & THD for 181216
The data from simulation generated some very important facts about the collected
data. The data revealed that the load produced changes in the THD values. The change in
inductance or capacitance value had minimum on the output signal.
The experiment will provide the results that will support the simulation outcomes.
The simulation circuits also used different load configurations to see the impact on THD.
The load used are in both series or parallel configuration. The other important aspect used
for simulation are single and three phase circuit. The simulation outcome also took into
account the input frequency of the system which is retained at 60Hz.
The results for single phase circuit have different load values and they indicated that
the THD value changes when the with the load size changes. It is not a linear change and is
in fact one that is more dependent on the resistance value of the load. The circuit is tested
with RC and RLC loads, and the results prove to be consistent. The distance of the load
from the source is also important as it affected the THD value but the change in the value
was not that significant. The voltage level changes to observe its impact on the THD value.
The higher voltage at input results in a higher THD value. The different voltage level used
for simulation ( single phase) is set at 220V and 440v, the difference in THD value ranged
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from 5.57% for 440 V input and 5.41% for 220 V input. The average change in value that
is observed over several simulations is in the range of .03-.05%. The difference in THD
value for (three phase) system is in the range of .04-.08%.
The three phase circuit is also part of the simulation. The three phase circuit have the
same conditional constraints as the single phase circuit. The load have the same configu-
ration as the single phase circuit. The circuit is simulated with different combinations of
loads.These loads had different values which subsequently produced varying THD values.
The simulation also introduced linear and non-linear loads. The analysis of output
signal captured by the scope reveals that the output signal has some distortions that are
caused by the load in the system. The distortions confirm the presence of THD and the
THD values could be calculated by using the formulas provided in the simulation tool. The
other factor that have impacted THD value is addition of other loads either in series or in
parallel. When the loads are connected in series the change in value of THD is higher when
comparing to the value of THD if the load is added in parallel. The THD value changed by
3 to 5% in the case of the while for the parallel loads the changes are around 1 to 1.5%. The
THD value changes when the distance between the load and the inverters is changed; the
change in value is approximately less then .5%. The graph shows the THD value changes
with the change in load. The graphs will show the THD value with voltage and current.
The voltage graph for the THD value shows that the change in the THD value will range
between 2%-3% . The current graph reveals the high value of THD and it also indicates
that spikes in the THD are observed when the AC is turned on and off. The experimental
data results are very close to the simulation results.
The results produced by the simulation and the experimental setup are very close.
They reveal that the THD changed as the load changed. The experimental value stayed
between 3% and 4%. The experimental values are observed over the period of one week.
The Hioki also recorded voltage and current values and the comparison of current and THD
indicates that a relationship existed. It is evident from the results that the THD produced by
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the current is higher in comparison with the voltage. Analysis of the data confirms that the
most significant change in THD values occurred due to the load changing. The maximum
peak is observed when the air conditioner was turned on. The start of the AC resulted in a
spike in the THD value. The maximum value observed was around 3%. The THD value
will change as the load size changes and this change is observed when the load starts as
evident from the graph values. The load type is also an important factor. There are two
types of load that exist in an electrical system, these being linear and non-linear loads.
The linear load does not impact on the THD value as there is a direct relationship
between voltage and current. The non-linear load will have more of an impact on the THD.
The relationship between voltage and current is not linear. The THD in the voltage and
current will depend on the relative size of the non-linear load, type of equipment and the
source of impedance in the system. The amount of voltage and current distortion increases
as the number of non-linear loads in the electrical system increases. The distance of the
load from the main line can also be a factor in the production of distortions. The other
important factor that the research puts forward is the configuration of the load, i.e. whether
it is in parallel or series. The parallel combination is used because it will improve the
distortion value and keep it within the IEEE standards value. The researchers believe that
PV inverters are the main source of introduction of current harmonics into the distribution
system. The current harmonics can produce voltage harmonic which will result in increase
in value of THD of the system. The PV system will have a frequency regulation problem
that will be injected into the grid.
If the PV system has no inertia during their integration into the power system, and this
lack of inertia can cause the electrical system to perform poorly with frequent frequency
changes caused by frequent changes in output. The voltage fluctuation can also impact
on power quality. The most common source of PQ disturbances are weather conditions,
for instance cloud cover can create voltage fluctuations in a low voltage PV system. The
voltage might change due to the flow of power from an utility to the substation to avoid
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such situation the voltage should be restricted. Frequency can be another important factor
in PQ. The frequency should be maintained as uniformly as possible because the load can
cause changes in the frequency. Any change in frequency can be propagated in to the grid.
These changes in frequency can become out of control when the RE source output changes
due to changes in conditions.
The other issues that can change the power produced by the PV system and can cause
problems in monitoring are azimuth and elevation angles, which are always constrained by
the building’s shape and orientation. The other challenge can be the degree of accuracy
when measuring solar irradiance. The reactive power produced from nonlinear load or
induction load should be taken into account. The proper flow of the DC/AC model should
be used since multiple sources can inject harmonics into the grid. The active and reactive
components should be considered for the load. The combination of linear and non-linear
load can have an impact on the THD in the electrical system. The other important issue
concerns is trying to keep the THD value in an acceptable range, which is defined by the
IEEE and local power provider. If PQ disturbances fall out of these range they should be
recorded and reported to the power provider.
Chapter 7
Conclusion
The increasing use of non-linear loads in the electrical power system has led to more
noticeable problems concerning harmonics. Monitoring of industrial power systems in
future constitute a potential problem for industrial consumers. They will have to comply
with IEEE standards regarding harmonics and power equipment vendors will also have to
provide additional equipment to comply with IEEE standards. The need for has serious
financial implications (i.e increased costs) for the power producers. The measured value of
total harmonic voltage distortion could not be higher than 5% whereas individual harmonic
distortion can not exceed 3% of the fundamental voltage value.In normal applications THD
are measured up to the 25th order but in some applications they could be measured up to
the 50th or 100th orders.
This research concludes that load plays an important role in the context of THD. The
load has to be conditioned and equipment should be used to mitigate these harmonics. The
change in distortion value can be managed by using harmonic filters because they can
improve the power quality of the electrical system. Filters can be connected to the non-linear
loads in the electrical system. The introduction of Unified Power Quality Conditioners
(UPQCs) and Active Power Line Conditioners (APLCs) can help to mitigate the harmonics
issue.
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The main responsibility lies with the engineers to find the real cause and recommend
the appropriate solutions. Since RE sources are connected to the grid, the addition of
electrical equipment including batteries, capacitors is considered to be effective methods
to minimizing the PV output variations. Future work on this subject should focus on
minimizing the total harmonic distortion in the system either by filters or more efficient
systems. The placement of batteries or capacitors in the electrical system for reducing
THD does require more research. The location and distance of these supportive devices
from the power generation sources should also be researched as it can be an important
factor. Analysis of solar radiation should also be at the forefront as this will impact on PQ
disturbances in the future.
Most of the literature concentrates on the smooth production of RE sources but a false
assumption has arisen in that the power produced by RE sources is not that smooth. The
increase in PV penetration introduces new problem at the grid level but these problems
should not stop the growth in solar energy production. Monitoring system should also look
at system stability and should be able to respond to the changes in the system accordingly.
The current and voltage harmonics distortion should be monitored. The system should be
able to distinguish between these types of disturbances.
The monitoring system should be able to monitor the changes and record the PQ
disturbances during peak and low time. The other important factor that needs monitoring is
the type of load that can produce the harmonic distortions, and should be able to isolate the
load that can cause harmonic distortions. The cost of this new equipment to monitor the PQ
should be considered. The cost factor will be very important for bigger electrical system.
The cost should not be passed on to the consumers. The accurate calculation of network
inductance in real-time is tedious and may deteriorate the efficiency, the contribution of
both load and inverter in terms of current and voltage harmonics should also be part of
PQ monitoring. The unbalanced and non-linear load connected to the Point of Common
Coupling ( PCC) can introduce current unbalance, harmonics and load reactive power, and
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these should be compensated effectively to avoid power losses to the grid.
The researcher believes that the harmonic problems should be handled at the source.
The additional harmonic mitigation software and hardware should be part of future. Power
quality metering systems can identify the existing harmonic disturbances at multiple
locations. These disturbances can be mitigated by using different mitigation techniques.
The early detection PQ problem through a reliable power monitoring system helps to
improve the identification process and to reduce cost. The engineers should also investigate
the possibility of adding PQ monitoring equipment at PCC.
Monitoring system should be able to manage three aspects of the process: generation
& energy conversion, transmission & monitoring, and load section. The future grid should
be made more robust to cope with induced current and other power disturbances. Some
suggestions that can help in reducing these disturbances are as follows: raising the tripping
level, a better protection system, real time alert system for PQ disturbances, modification
of operating procedures, and more equipment that is able to stabilize the power grid. The
researchers should design industry specific solution to reduce PQ disturbances. The users
should have choice to implement type of PQ mitigation techniques that can be selected by
conducting surveys at the site.
7.1 Future Work
Studies in the future can examine the mitigation techniques such as changes in grid
topologies, better maintenance of electrical equipment, additional generation capacity,
capacitor blocking schemes and more efficient load sharing for existing grids. Such
analyses should be able to answer some of the questions that were brought to the readers in
this study. These question are firstly, when to monitor these changes since it was observed
that the monitoring was done after the event had occurred; secondly, where to place the
instruments to monitor these changes; thirdly, what type of instruments should serve to
monitor these changes and what changes should be monitored; fourthly and lastly how to
process and analyse the collected data in order to find get the best results.
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RE sources are going to be part of future growth of power industry. The power industry
has to accommodate the impact of RE sources in future. The research in the field of RE
can improve the quality of power delivered to the consumer and power companies. The
future work should look at important factors that can improve the PQ. These factors can
be caused by introduction of different RE sources in the power system. The impact of
RE can be studied by using case studies to collect data for research. These case studies
can look at voltage variations and current harmonics in detail. Researchers needs to focus
on introduction power electronics converter in the distribution system. The electronic
converters can pollute the system with harmonic current and voltage fluctuations. The
analysis of such system can improve distributed generation. The area in need of further
investigation is supply of power to off grid locations. This can be achieved by using PV,
windmil or micro-hydal sources. These sources can be used individually or can work
together to produce power. These different sources can be integrated and connected to a
common AC bus. The performance of the system can be studied under different conditions
using simulations tool. The researchers and engineers should also use experimental setup to
investigate PQ issues in hybrid system. The role of nonlinear loads should be investigated in
hybrid system. The penetration of electric vehicle charging station (EVCSs) and renewable
energy based generators (REGs) is increasing in the distribution system. The data about
their impact should be collected by using simulations tools and experimental setup. The
study will help to look into performance of these systems under different load and weather
conditions.
The areas identified above can help future researchers to help bring improvements in
the field of power production.
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DATE TIME
Power (kWh)  =  (House with AC 
Consumption) Power (kWh)  =  (Air-Condition) THD
3/12/2016 0:00 0.22 0.11 1.60
3/12/2016 1:00 0.23 0.11 1.70
3/12/2016 2:00 0.22 0.11 1.60
3/12/2016 3:00 0.21 0.11 1.70
3/12/2016 4:00 0.21 0.11 1.80
3/12/2016 5:00 0.22 0.11 1.60
3/12/2016 6:00 0.31 0.11 1.50
3/12/2016 7:00 0.41 0.11 2.70
3/12/2016 8:00 0.61 0.16 1.70
3/12/2016 9:00 0.54 0.11 2.30
3/12/2016 10:00 1.27 0.11 2.90
3/12/2016 11:00 2.31 1.9 3.00
3/12/2016 12:00 2.06 1.73 2.90
3/12/2016 13:00 3.77 2.92 3.00
3/12/2016 14:00 3.02 1.61 2.40
3/12/2016 15:00 4.41 3.7 2.90
3/12/2016 16:00 0.92 0.49 1.90
3/12/2016 17:00 0.46 0.12 1.70
3/12/2016 18:00 0.46 0.11 1.90
3/12/2016 19:00 0.26 0.11 1.70
3/12/2016 20:00 0.3 0.11 1.70
3/12/2016 21:00 0.62 0.11 1.60
3/12/2016 22:00 0.51 0.11 2.10
3/12/2016 23:00 0.29 0.11 1.80
DATE TIME
Power (kWh) = (House AC 
Consumption)
Power (kWh)  = (Air-
Condition) THD
4/12/2016 0:00 0.28 0.11 1.70
4/12/2016 1:00 0.28 0.11 1.70
4/12/2016 2:00 0.2 0.11 1.70
4/12/2016 3:00 0.2 0.11 1.80
4/12/2016 4:00 0.31 0.11 1.80
4/12/2016 5:00 0.2 0.11 1.70
4/12/2016 6:00 0.2 0.11 1.80
4/12/2016 7:00 0.22 0.12 1.90
4/12/2016 8:00 0.22 0.12 1.70
4/12/2016 9:00 0.22 0.12 1.90
4/12/2016 10:00 0.42 0.12 1.80
4/12/2016 11:00 0.93 0.12 2.90
4/12/2016 12:00 2.49 1.88 2.30
4/12/2016 13:00 2.63 2.2 3.00
4/12/2016 14:00 1.54 1.22 2.90
4/12/2016 15:00 2.34 0.77 2.90
4/12/2016 16:00 2.68 2.17 2.90
4/12/2016 17:00 2.64 2.06 2.30
4/12/2016 18:00 0.42 0.11 2.80
4/12/2016 19:00 1.34 0.96 1.70
4/12/2016 20:00 0.48 0.11 1.60
4/12/2016 21:00 0.38 0.11 1.50
4/12/2016 22:00 0.24 0.11 1.70
4/12/2016 23:00 0.23 0.11 1.70
Date Time
Power (kWh) = (House AC 
Consumption)
Power (kWh) = (Air-
Condition) THD
2/12/2016 0:00 0.22 0.11 1.80
2/12/2016 1:00 0.21 0.11 1.80
2/12/2016 2:00 0.22 0.11 1.80
2/12/2016 3:00 0.22 0.11 1.80
2/12/2016 4:00 0.2 0.11 1.80
2/12/2016 5:00 0.24 0.11 1.80
2/12/2016 6:00 0.29 0.11 1.80
2/12/2016 7:00 0.3 0.11 1.80
2/12/2016 8:00 0.28 0.11 1.80
2/12/2016 9:00 1.67 1.42 1.80
2/12/2016 10:00 3.87 3.45 1.80
2/12/2016 11:00 3.11 2.47 1.80
2/12/2016 12:00 3.44 2.6 1.80
2/12/2016 13:00 4.54 3.96 1.80
2/12/2016 14:00 4.15 3.7 1.80
2/12/2016 15:00 4.12 3.62 1.80
2/12/2016 16:00 0.85 0.56 1.80
2/12/2016 17:00 0.56 0.11 1.80
2/12/2016 18:00 0.42 0.11 1.80
2/12/2016 19:00 2.85 2.3 1.80
2/12/2016 20:00 0.67 0.46 1.80
2/12/2016 21:00 0.25 0.11 1.80
2/12/2016 22:00 0.22 0.11 1.80
2/12/2016 23:00 0.22 0.11 1.80
DATE TIME
Power (kWh) = (House AC 
Consumption)
Power (kWh)  = (Air-
Condition) THD
4/12/2016 0:00 0.28 0.11 1.70
4/12/2016 1:00 0.28 0.11 1.70
4/12/2016 2:00 0.2 0.11 1.70
4/12/2016 3:00 0.2 0.11 1.80
4/12/2016 4:00 0.31 0.11 1.80
4/12/2016 5:00 0.2 0.11 1.70
4/12/2016 6:00 0.2 0.11 1.80
4/12/2016 7:00 0.22 0.12 1.90
4/12/2016 8:00 0.22 0.12 1.70
4/12/2016 9:00 0.22 0.12 1.90
4/12/2016 10:00 0.42 0.12 1.80
4/12/2016 11:00 0.93 0.12 2.90
4/12/2016 12:00 2.49 1.88 2.30
4/12/2016 13:00 2.63 2.2 3.00
4/12/2016 14:00 1.54 1.22 2.90
4/12/2016 15:00 2.34 0.77 2.90
4/12/2016 16:00 2.68 2.17 2.90
4/12/2016 17:00 2.64 2.06 2.30
4/12/2016 18:00 0.42 0.11 2.80
4/12/2016 19:00 1.34 0.96 1.70
4/12/2016 20:00 0.48 0.11 1.60
4/12/2016 21:00 0.38 0.11 1.50
4/12/2016 22:00 0.24 0.11 1.70
4/12/2016 23:00 0.23 0.11 1.70
DATE Time
Power (kWh)  =  (House AC 
Consumption)
Power (kWh) =  (Air-
Condition)
THD
6/12/2016 0:00 0.28 0.12 1.70
6/12/2016 1:00 0.23 0.12 1.70
6/12/2016 2:00 0.24 0.11 1.70
6/12/2016 3:00 0.22 0.11 1.70
6/12/2016 4:00 0.23 0.11 1.70
6/12/2016 5:00 0.21 0.11 1.70
6/12/2016 6:00 0.23 0.11 1.90
6/12/2016 7:00 0.24 0.11 1.70
6/12/2016 8:00 0.23 0.12 1.90
6/12/2016 9:00 0.58 0.12 1.80
6/12/2016 10:00 0.55 0.12 1.80
6/12/2016 11:00 0.44 0.12 1.90
6/12/2016 12:00 0.35 0.12 1.90
6/12/2016 13:00 0.28 0.12 1.90
6/12/2016 14:00 0.24 0.11 2.00
6/12/2016 15:00 0.26 0.12 1.70
6/12/2016 16:00 0.25 0.11 1.80
6/12/2016 17:00 0.27 0.11 1.70
6/12/2016 18:00 0.29 0.11 1.70
6/12/2016 19:00 0.23 0.11 1.70
6/12/2016 20:00 0.3 0.12 1.90
6/12/2016 21:00 0.26 0.11 1.70
6/12/2016 22:00 0.31 0.11 1.80
6/12/2016 23:00 0.24 0.11 1.70
DATE Time
Power (kWh) = (House AC 
Consumption)
Power (kWh)  =  (Air-
Condition) THD
7/12/2016 0:00 0.23 0.11 1.70
7/12/2016 1:00 0.22 0.11 1.70
7/12/2016 2:00 0.21 0.11 1.80
7/12/2016 3:00 0.22 0.11 1.70
7/12/2016 4:00 0.21 0.11 1.70
7/12/2016 5:00 0.22 0.11 1.90
7/12/2016 6:00 0.35 0.11 1.90
7/12/2016 7:00 0.3 0.12 1.80
7/12/2016 8:00 0.23 0.12 1.80
7/12/2016 9:00 0.22 0.12 1.80
7/12/2016 10:00 0.22 0.12 2.10
7/12/2016 11:00 0.22 0.11 2.00
7/12/2016 12:00 0.54 0.12 1.80
7/12/2016 13:00 0.36 0.12 1.80
7/12/2016 14:00 0.35 0.11 1.70
7/12/2016 15:00 0.38 0.12 1.80
7/12/2016 16:00 0.24 0.11 1.70
7/12/2016 17:00 0.23 0.11 1.70
7/12/2016 18:00 0.44 0.11 1.70
7/12/2016 19:00 0.29 0.11 1.70
7/12/2016 20:00 0.3 0.11 1.60
7/12/2016 21:00 0.35 0.11 1.70
7/12/2016 22:00 0.22 0.11 1.70
7/12/2016 23:00 0.22 0.11 1.70
DATE Time
Power (kWh) =  (House AC 
Consumption)
Power (kWh)  =  (Air-
Condition) THD
8/12/2016 0:00 0.22 0.11 1.70
8/12/2016 1:00 0.21 0.11 1.70
8/12/2016 2:00 0.22 0.11 1.70
8/12/2016 3:00 0.21 0.11 1.70
8/12/2016 4:00 0.21 0.11 1.80
8/12/2016 5:00 0.22 0.11 1.80
8/12/2016 6:00 0.23 0.11 1.80
8/12/2016 7:00 0.23 0.12 1.80
8/12/2016 8:00 0.31 0.12 1.70
8/12/2016 9:00 0.28 0.12 2.10
8/12/2016 10:00 0.3 0.12 1.70
8/12/2016 11:00 0.26 0.12 3.00
8/12/2016 12:00 1.01 0.12 2.40
8/12/2016 13:00 2.54 2.13 2.90
8/12/2016 14:00 2.27 1.82 2.50
8/12/2016 15:00 3.16 2.69 2.30
8/12/2016 16:00 2.8 2.44 2.10
8/12/2016 17:00 0.23 0.11 1.70
8/12/2016 18:00 0.31 0.11 1.70
8/12/2016 19:00 0.27 0.11 1.50
8/12/2016 20:00 0.26 0.11 1.60
8/12/2016 21:00 0.29 0.11 1.70
8/12/2016 22:00 0.28 0.11 1.60
8/12/2016 23:00 0.22 0.11 1.70
DATE Time
Power (kWh) =  (House 
AC Consumption)
Power (kWh)  = (Air-
Condition) THD
9/12/2016 0:00 0.22 0.11 1.70
9/12/2016 1:00 0.22 0.11 1.70
9/12/2016 2:00 0.22 0.11 1.70
9/12/2016 3:00 0.22 0.11 1.70
9/12/2016 4:00 0.21 0.11 1.70
9/12/2016 5:00 0.2 0.11 1.80
9/12/2016 6:00 0.25 0.11 1.80
9/12/2016 7:00 0.3 0.11 1.90
9/12/2016 8:00 0.3 0.12 1.80
9/12/2016 9:00 0.36 0.12 2.20
9/12/2016 10:00 0.26 0.12 1.70
9/12/2016 11:00 0.37 0.12 1.80
9/12/2016 12:00 0.56 0.12 2.20
9/12/2016 13:00 0.44 0.12 1.80
9/12/2016 14:00 0.48 0.11 1.80
9/12/2016 15:00 0.31 0.12 2.00
9/12/2016 16:00 0.26 0.12 2.40
9/12/2016 17:00 0.23 0.11 2.20
9/12/2016 18:00 0.69 0.11 1.70
9/12/2016 19:00 0.37 0.11 1.70
9/12/2016 20:00 0.23 0.11 1.70
9/12/2016 21:00 0.21 0.11 1.70
9/12/2016 22:00 0.22 0.11 1.70
9/12/2016 23:00 0.21 0.11 1.70
DATE Time
Power (kWh)  =  (House 
AC Consumption)
Power (kWh)  = (Air-
Condition) THD
10/12/2016 0:00 0.21 0.11 1.70
10/12/2016 1:00 0.21 0.11 1.70
10/12/2016 2:00 0.21 0.11 1.70
10/12/2016 3:00 0.22 0.11 1.90
10/12/2016 4:00 0.26 0.11 1.70
10/12/2016 5:00 0.21 0.11 1.80
10/12/2016 6:00 0.22 0.11 1.80
10/12/2016 7:00 0.23 0.11 2.10
10/12/2016 8:00 0.72 0.11 1.80
10/12/2016 9:00 0.73 0.11 1.90
10/12/2016 10:00 0.34 0.12 1.80
10/12/2016 11:00 0.37 0.12 1.60
10/12/2016 12:00 0.33 0.12 1.60
10/12/2016 13:00 0.34 0.12 1.60
10/12/2016 14:00 0.27 0.11 2.90
10/12/2016 15:00 0.27 0.11 1.60
10/12/2016 16:00 0.4 0.16 1.60
10/12/2016 17:00 0.35 0.11 1.60
10/12/2016 18:00 0.44 0.11 1.80
10/12/2016 19:00 0.45 0.11 1.50
10/12/2016 20:00 0.7 0.11 1.70
10/12/2016 21:00 1.19 0.11 1.70
10/12/2016 22:00 1.11 0.11 1.50
10/12/2016 23:00 0.69 0.11 1.50
DATE Time
Power (kWh) =  (House AC 
Consumption)
Power (kWh)  =  (Air-
Condition) THD
11/12/2016 0:00 0.47 0.11 1.80
11/12/2016 1:00 0.48 0.11 1.50
11/12/2016 2:00 0.36 0.11 1.50
11/12/2016 3:00 0.34 0.11 1.50
11/12/2016 4:00 0.33 0.11 1.50
11/12/2016 5:00 0.33 0.11 1.60
11/12/2016 6:00 0.35 0.11 1.70
11/12/2016 7:00 0.42 0.11 2.10
11/12/2016 8:00 0.34 0.11 2.30
11/12/2016 9:00 0.66 0.11 2.40
11/12/2016 10:00 0.76 0.11 2.30
11/12/2016 11:00 0.65 0.11 1.80
11/12/2016 12:00 0.46 0.12 2.80
11/12/2016 13:00 0.3 0.12 2.30
11/12/2016 14:00 1.36 1.09 2.10
11/12/2016 15:00 3.44 2.99 1.80
11/12/2016 16:00 0.41 0.11 1.90
11/12/2016 17:00 0.29 0.11 1.80
11/12/2016 18:00 0.34 0.11 1.70
11/12/2016 19:00 0.63 0.11 1.50
11/12/2016 20:00 0.51 0.11 1.60
11/12/2016 21:00 0.48 0.11 1.60
11/12/2016 22:00 0.38 0.11 1.70
11/12/2016 23:00 0.28 0.11 1.70
DATE Time
Power (kWh)  =  
(House AC 
Consumption)
Power (kWh)  
=  (Air-
Condition) THD
12/12/2016 0:00 0.27 0.11 1.70
12/12/2016 1:00 0.26 0.11 1.70
12/12/2016 2:00 0.23 0.11 1.70
12/12/2016 3:00 0.29 0.11 1.70
12/12/2016 4:00 0.27 0.11 1.80
12/12/2016 5:00 0.22 0.11 1.60
12/12/2016 6:00 0.27 0.11 1.80
12/12/2016 7:00 0.41 0.11 1.90
12/12/2016 8:00 0.36 0.11 2.30
12/12/2016 9:00 0.34 0.11 2.30
12/12/2016 10:00 0.35 0.12 2.00
12/12/2016 11:00 0.44 0.12 2.00
12/12/2016 12:00 0.52 0.12 2.30
12/12/2016 13:00 1.09 0.12  ----- 
12/12/2016 14:00 5.5 4.15  ----- 
12/12/2016 15:00 2.69 1.91  ----- 
12/12/2016 16:00 2.00
12/12/2016 17:00 1.08 0.63 1.70
12/12/2016 18:00 0.46 0.12 1.50
12/12/2016 19:00 0.31 0.12 1.60
12/12/2016 20:00 0.36 0.12 1.80
12/12/2016 21:00 0.49 0.12 1.60
12/12/2016 22:00 0.46 0.12 1.70
12/12/2016 23:00 0.31 0.11 1.70
DATE Time
Power (kWh)  =  (House 
AC Consumption)
Power (kWh)  = (Air-
Condition) THD
13/12/2016 0:00 0.28 0.11 1.60
13/12/2016 1:00 0.28 0.1 1.60
13/12/2016 2:00 0.26 0.11 1.70
13/12/2016 3:00 0.33 0.11 1.60
13/12/2016 4:00 0.27 0.11 1.70
13/12/2016 5:00 0.26 0.11 1.80
13/12/2016 6:00 0.28 0.11 1.90
13/12/2016 7:00 0.31 0.11 2.00
13/12/2016 8:00 0.32 0.12 2.20
13/12/2016 9:00 0.42 0.12 2.90
13/12/2016 10:00 1.01 0.58 2.30
13/12/2016 11:00 4.63 3.85 2.30
13/12/2016 12:00 4.48 3.74 2.40
13/12/2016 13:00 4.74 3.98  ----- 
13/12/2016 14:00 6.21 4.01 2.30
13/12/2016 15:00 2.65 1.99 2.20
13/12/2016 16:00 3.91 3.22 1.70
13/12/2016 17:00 1.51 1.19 1.70
13/12/2016 18:00 0.35 0.12 1.50
13/12/2016 19:00 0.35 0.11 1.50
13/12/2016 20:00 0.4 0.12 2.80
13/12/2016 21:00 0.58 0.28 2.20
13/12/2016 22:00 3.47 3.02 1.70
13/12/2016 23:00 0.3 0.11 1.90
DATE Time
Power (kWh) = (House 
AC Consumption)
Power (kWh)  = (Air-
Condition) THD
14/12/2016 0:00 0.3 0.11 2.00
14/12/2016 1:00 0.27 0.11 1.90
14/12/2016 2:00 0.34 0.11 1.80
14/12/2016 3:00 0.32 0.11 1.60
14/12/2016 4:00 0.32 0.11 2.00
14/12/2016 5:00 0.33 0.11 2.00
14/12/2016 6:00 0.46 0.11 1.90
14/12/2016 7:00 0.36 0.11 1.70
14/12/2016 8:00 0.31 0.12 1.70
14/12/2016 9:00 0.29 0.12 1.80
14/12/2016 10:00 0.34 0.11 2.90
14/12/2016 11:00 0.52 0.26 2.20
14/12/2016 12:00 4.34 3.77 2.10
14/12/2016 13:00 3.97 3.38 2.80
14/12/2016 14:00 0.89 0.61 2.20
14/12/2016 15:00 1.75 1.37 1.80
14/12/2016 16:00 0.51 0.26 2.00
14/12/2016 17:00 0.43 0.11 3.00
14/12/2016 18:00 0.63 0.24 2.10
14/12/2016 19:00 0.81 0.46 2.00
14/12/2016 20:00 0.51 0.11 2.00
14/12/2016 21:00 0.45 0.11 1.80
14/12/2016 22:00 0.44 0.11 1.70
14/12/2016 23:00 0.29 0.11 1.90
